Abstract
The 1,9-dimethylmethylene blue (DMMB) assay is widely used to quantify sulfated glycosaminoglycan (sGAG) contents of engineered tissues, culture media, tissue samples and bodily fluids, but the assay is subject to interference from polyanions such as hyaluronic acid (HA), DNA and RNA. We examined whether specific combinations of dye pH and absorbance wavelength could minimize non-sGAG artifacts without compromising DMMB assay sensitivity. HA and DNA solutions generated substantial signal at pH 3 but not at pH 1.5. Reducing dye pH did not significantly alter sGAG measurements for normal cartilage and meniscus tissues, but eliminated anomalously high apparent sGAG contents for enzymatically isolated chondrocytes, adipose-derived stem cell (ADSC)-agarose constructs and ADSC pellets. In a cartilage tissue-engineering case study, pH 3 dye indicated high apparent sGAG readings throughout culture in both basal and chondrogenic media, with a marked decline between day 14 and 21 for chondrogenic constructs. The pH 1.5 dye, however, indicated minimal sGAG accumulation in basal medium and stable sGAG content throughout culture in chondrogenic medium. As it is often difficult to know a priori whether all groups in a study will have sGAG contents high enough to overwhelm artifacts, we recommend modifying the standard DMMB assay to reduce the risk of spurious findings in tissue engineering and clinical research. Specifically, we recommend shifting to a pH 1.5 DMMB dye and basing quantification on the absorbance difference between 525 nm (µ peak) and 595 nm (β peak) to compensate for the moderate loss of sensitivity associated with reducing the dye pH
Introduction
Proteoglycan (PG) production is an important marker in cartilage tissue engineering because PGs comprise a large fraction of the cartilage extracellular matrix, where they serve important structural and biological functions, such as lubricating articulating surfaces and modulating cell signaling by selectively sequestering and trafficking growth factors (Knudson and Knudson, 2001) . The predominant PG found in cartilage is aggrecan (Heinegård and Axelsson, 1977) , a high molecular weight, aggregating PG comprised of a protein core bearing many unbranched, negatively charged sulfated glycosaminoglycan (sGAG) side chains, mainly chondroitin sulfate (CS) and keratan sulfate (KS) (Meyer et al., 1958) . The high negative charge density associated primarily with aggrecan contributes to the tissue's structural stiffness, in part through electrochemical interactions with the ionic interstitial fluid (Eisenberg and Grodzinsky, 1985; Maroudas, 1968) . Other sGAGs found in cartilage include heparan sulfate (HS) and dermatan sulfate (DS) (Heinegård and Axelsson, 1977) , while hyaluronic acid (HA) is a polyanionic non-sulfated GAG found in cartilage.
The most common approaches to quantifying sGAG levels in tissues and tissue engineered constructs and culture media involve variations on the 1,9-dimethylmethylene blue (DMMB) dye binding spectrophotometric assay (Farndale et al., 1986; Farndale et al., 1982) . The DMMB assay has largely replaced the uronic acid carbazole assay (Bitter and Muir, 1962) , which is less sensitive to GAG content and may be inaccurate in the presence of glucose or salts (Frazier et al., 2008; Mort and Roughley, 2007) . Assays based on binding of other cationic dyes such as Alcian blue (Whiteman, 1973) or toluidine blue (Terry et al., 2000) see some use, but DMMB has been reported to be more sensitive and reliable (Chandrasekhar et al., 1987; de Jong et al., 1994) . GAG analyses by high performance liquid chromatography (Hjerpe et al., 1979) or capillary electrophoresis (Hjerpe et al., 1979) are highly sensitive and specific (Frazier et al., 2008) and can reveal detailed sulfation patterns, but these more specialized methods are not amenable to routine analysis of large numbers of samples.
The ability of the DMMB assay to detect sGAG is based on the phenomenon of metachromasia, with the characteristic blue of the cationic DMMB dye shifting to a violet hue when the dye binds to polyanionic substrates such as sGAG (Templeton, 1988) . This color shift is characterized by decreased absorbance of spectral peaks centered at approximately 590 nm (β band) and 650 nm (α band) and increased absorbance at approximately 525 nm (µ band) (Fig. 1a) . The higher energy β band is associated with the presence of dye dimer and the α band is associated with dye monomer (Nath et al., 2005; Templeton, 1988) . When the levels of dye dimer and monomer are altered, such as by the interaction of DMMB dye with a polyanionic substrate, the α and β peaks are depressed and a third peak, the µ band, emerges. The degree of metachromasia is positively correlated with substrate-to-dye ratio and is affected by parameters such as duration of reaction, pH, salt content and the presence of interfering polyanions.
Numerous modifications to the original DMMB assay have been adopted over time to enhance assay stability, repeatability, accuracy and sensitivity. The dye-substrate metachromatic reaction occurs immediately after mixing but a dye-substrate precipitate can form within minutes, preventing accurate assessment using a spectrophotometer. Precipitation of the dye-substrate complex is hastened by physical agitation and increased sGAG content. An early attempt to address the temporal instability of the DMMB assay involved changing the DMMB dye buffer from citrate-phosphate to formate (Farndale et al., 1982) . Rapid but consistently timed (e.g., 15 s after mixing) analysis of the reaction mixture was recommended to minimize precipitation and improve assay repeatability (Farndale et al., 1986) . The addition of bovine serum albumin (BSA) to the reaction mixture to delay dye-substrate precipitation was introduced to prolong the window of time during which the reaction could be analyzed (Goldberg and Kolibas, 1990) . Delaying precipitation was particularly useful in adapting the assay for use in multi-well plates.
Other protocols intentionally precipitate the dyesubstrate complex as an alternate approach to quantify sGAG content. Following complex precipitation, the sGAG content can be inferred from the absorption of the remaining unbound dye, with sample sGAG content being inversely related to the amount of unbound dye (Müller and Hanschke, 1996) . Alternatively, the dyesubstrate precipitate can be collected and dissolved, with absorption of the resuspended dye used to determine sGAG content (Barbosa et al., 2003) . A widely used commercial assay kit (Blyscan Glycosaminoglycan Assay, Biocolor Ltd, Carrickfergus, Northern Ireland) is based on a similar approach involving complex precipitation and resuspension. Problems have been noted, however, with the use of precipitation methods. Over-estimation of sGAG has been reported when analyzing unbound dye (Oke et al., 2003) and under-estimation of sGAG may result when analyzing the precipitate due to sGAG loss from the multiple processing steps (Huynh et al., 2012) . DMMB assay accuracy is also affected by polyanions and salts found in biological samples ranging from cartilage to muscle to urine. Farndale et al. (1986) proposed adding salt (NaCl) to the dye and decreasing the pH to 3.0 to decrease interference by polyanions such as HA, Fig. 1 . (a) pH 3 and (b) pH 1.5 DMMB dyes react to increasing concentrations of chondroitin sulfate by shifting their spectral profiles; the β (590 nm) and α (650 nm) peaks decline while the µ (525 nm) peak emerges. Assay sensitivity, defined as slope of the standard curve, is greater for (c) pH 3 than for (d) pH 1.5 dye and is enhanced by using the difference between two wavelengths. The slopes of the standard curves for CS standards are significantly different from zero for all wavelengths, with p < 0.0001 and R 2 > 0.99.
DNA, and RNA. Interference by HA (as evidenced by increased sample turbidity and/or presence of "stringy precipitate") in HA-rich samples such as synovial fluid has been effectively minimized by using hyaluronidase (Dey et al., 1992; Goldberg and Kolibas, 1990; Oke et al., 2003) . Other enzymes have been successfully used to selectively degrade and, by subtraction, quantify specific sGAG species (Farndale et al., 1986; Goldberg and Kolibas, 1990) . Interference by DNA and RNA, of particular concern in cellularly dense tissue engineering applications, can likewise be avoided by enzymatic digestion using DNase and RNase (Dey et al., 1992) or by using DNA filters (Barbosa et al., 2003) . These approaches can be procedurally cumbersome for large studies, and high levels of DNA can block the filter, resulting in low sGAG estimates (Huynh et al., 2012) . Aside from the common biological polyanions of HA, DNA and RNA, the DMMB assay can experience interference from polyanionic matrix or scaffold components. One commonly used polyanionic hydrogel is alginate, a polysaccharide whose negatively charged carboxyl groups react strongly with DMMB dye at pH 3. Enobakhare et al. (1996) adapted the DMMB assay for use with alginate samples by reducing the dye pH. At pH 1.5, the alginate carboxyl groups are protonated, allowing sulfate groups of sGAGs (with lower pKa values) to be detected. Further reduction of dye pH 1.0 rendered the assay unusable due to protonation of sulfate groups. Using the DMMB dye at pH 1.5 has since become standard for assessing samples that contain alginate, with some recommending use of pH 1.5 dye for alginate constructs and pH 3 dye for other scaffolds (Estes et al., 2010) . As an additional measure to enhance assay sensitivity, some have measured sGAG based on the difference between two absorbance wavelengths (Hoemann, 2004; Seibel et al., 1992) . By measuring increased signal at the µ peak and suppression in signal from either the α or β peaks, sensitivity can be enhanced when compared to using the µ peak alone.
Keeping in mind the many assay parameters that can be and have been altered, the goal of this study was to identify simple modifications to the standard DMMB assay that would minimize measurement artifacts due to non-sGAG polyanions for tissue samples, cell-seeded constructs and conditioned culture media. We examined the effects of dye pH and measurement wavelength on quantifying defined CS, DS, HS, HA and DNA standards and measured sGAG contents of native cartilage and meniscus tissues, enzymatically isolated chondrocytes and adipose-derived stem cell (ADSC) seeded agarose gels immediately after preparation. As tissue engineering case studies, we evaluated sGAG contents of ADSC pellets cultured for 28 d and of ADSC-seeded agarose gels and conditioned media over 21 d of chondrogenic induction. Our results indicate that caution should be exercised in interpreting reported sGAG contents in the current literature, but that simple modifications to the DMMB assay (pH and absorbance wavelength) can minimize non-sGAG interference without compromising sensitivity to sGAG content. These simple modifications can suppress a number of known artifacts and allow consistent reporting and interpretation of sGAG measurements in tissue engineering studies.
Materials and Methods
Dye preparation 1,9-dimethylmethylene blue (DMMB; C 18 H 22 ClN 3 S · 0.5ZnCl 2 ; CAS number 931418-92-7; molecular weight 416.05) dye (Sigma-Aldrich Ltd, St. Louis, MO, USA) was prepared by dissolving 16 mg of DMMB in 5 mL ethanol (Fisher Scientific, Fair Lawn, NJ, USA) overnight and volume adjusting to 1 L with deionized water containing 40 mM glycine (Sigma-Aldrich), 40 mM NaCl and sufficient HCl (EMD Chemicals, Gibbstown, NJ, USA) to adjust the dye solution to the desired pH (Farndale et al., 1986) . The dye was stored at room temperature in a bottle shielded from light and used within 1 month of preparation, within the recommended 3 months (Farndale et al., 1986) . Hoechst 33258 dye (Sigma-Aldrich) solution was prepared by dilution in TNE buffer (50 mM Tris-HCL at pH 7.4 (Invitrogen, Carlsbad, CA, USA), 100 mM NaCl (Fisher Scientific), 0.1 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich)) to a final working concentration of 0.1 µg dye/mL TNE buffer (Downs and Wilfinger, 1983) .
Standards preparation
Shark chondroitin sulfate (CS) (Sigma-Aldrich), calf thymus DNA (Invitrogen), bovine kidney heparan sulfate (Sigma-Aldrich), dermatan sulfate (Crescent Chemical Co., Islandia, NY, USA) and sodium hyaluronate (Lifecore Biomedical, Chaska, MN, USA) standards were prepared in 100 mM ammonium acetate (AA) (EMD Chemicals). Media standards were prepared by serially diluting CS in one of four media formulations based on high glucose Dulbecco's Modified Eagle's Medium (DMEM) containing phenol red (Hyclone, South Logan, UT, USA): (1) "DMEM" consisting of only DMEM, (2) "HEPES" consisting of DMEM and 10 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulphonic acid buffer (HEPES) (Mediatech, Manassas, VA, USA), (3) "FBS" consisting of DMEM and 10 % fetal bovine serum (FBS, Atlanta Biologicals, Lawrenceville, GA, USA), and (4) "Total" consisting of DMEM, 10 mM HEPES, 50 µg/mL L-ascorbate 2-phosphate (Sigma-Aldrich), 1 % non-essential amino acids (NEAA) (Gibco, Grand Island, NY, USA), 1 % insulin, transferrin, and selenous acid (ITS+) (BD Biosciences, Bedford, MA, USA) and 0.4 mM L-proline (Sigma-Aldrich). Media standards were prepared in triplicate (n = 3). CS standard curves within the linear range of sensitivity (0-50 µg/mL for cell and tissue assays, 0-25 µg/mL for media assays) were used to calculate apparent sGAG levels.
Enzyme preparation
Proteinase K (PK) solution (Invitrogen) was prepared as per manufacturer's protocol by dissolving lyophilized PK powder in 10 mM TrisHCl, pH 7.5 (Invitrogen), 20 mM calcium chloride (Sigma-Aldrich), and 50 % glycerol (EMD Chemicals). Agarase solution was prepared as per
Avoiding artifacts with the DMMB sGAG assay manufacturer's protocol by dissolving lyophilized agarase (Sigma-Aldrich) to a final concentration of 1 U agarase/ µL potassium phosphate buffer, pH 6.0 (0.2 mg/mL) (EMD Chemicals). DNase stock solution was prepared by reconstituting lyophilized DNase I (Worthington Biosciences, Lakewood, NJ, USA) into 10 KU DNase/mL stock solution (10 mM Tris-HCl, pH 7.5, 10 mM CaCl 2 , 10 mM MgCl 2 and 50 % (v/v) glycerol). Prior to use, DNase stock was diluted to a 400 U DNase/mL working solution (200 mM Tris-HCl, pH 7.5, 50 mM MgCl 2 , 10 mM CaCl 2 ). Chondroitinase ABC (ChABC) enzyme solution was prepared by reconstituting lyophilized ChABC (SigmaAldrich) at 20 U/mL in a 0.01 % BSA aqueous solution (Invitrogen).
Micro-plate assays
The DMMB assays for CS, HS, DS, HA and DNA spectral scans and cell/tissue digests used a ratio of 20 µL sample or standard to 200 µL dye, with the samples plated first in triplicate in clear 96-well plates (Costar, Corning, NY, USA) and DMMB dye later added to the wells. In media assays, a higher sample-or standard-to-dye ratio of 20 µL to 150 µL was used to enhance signal due to the low sGAG contents of conditioned media. Samples were analyzed for absorbance at room temperature immediately after adding DMMB dye. Spectral scans were conducted in increments of 5 nm from 500 nm to 700 nm using a Synergy HT plate reader (Biotek Instruments, Winooski, VT, USA). The Hoechst DNA assay (Downs and Wilfinger, 1983) used a sample-to-dye ratio of 10 µL to 200 µL, where standards and samples were plated in triplicate in black 96 well plates (Costar). DNA samples were analyzed for fluorescence (excitation wavelength 356 nm, emission wavelength 465 nm) at room temperature with a Synergy HT plate reader immediately after adding Hoechst dye.
Tissue and cellular assays
To determine the effects of DMMB dye pH on tissue and cellular sGAG measurements, cartilage and meniscus tissue samples, isolated chondrocytes and ADSC-seeded constructs were enzymatically digested and assayed at OD 525 -OD 595 as indicated below.
Cartilage and meniscus
Cartilage and meniscus tissues were extracted from 6 different juvenile bovine stifles (Research 87, Boylston, MA, USA). Samples were cored with a 4 mm diameter biopsy punch (Miltex, York, PA, USA), sliced to 2 mm thick discs, frozen, lyophilized and digested overnight at 65 °C in 1 mL PK-AA solution (150 µg PK per cartilage sample, 400 µg PK per meniscus sample) (n = 6). For the assay, cartilage samples were diluted 1:100 and meniscus samples were diluted either 1:20 or 1:10 in AA to ensure that sGAG concentrations fell within the linear range of the CS standard curve.
Chondrocytes Articular chondrocytes were enzymatically isolated from juvenile bovine femoral condylar cartilage (Research 87) by overnight collagenase digestion and were cryopreserved in liquid nitrogen. Frozen cells were thawed, counted in an automated cell counter (Vi-Cell XR, Beckman Coulter, Brea, CA, USA) and separated into individual aliquots of about one million chondrocytes (n = 6). The cell aliquots were washed twice in PBS and once in 100 mM AA, frozen and lyophilized. Lyophilized samples were rehydrated with 100 mM AA and digested with 200 µg PK overnight at 65 °C for a final digest volume of 1 mL.
ADSC-agarose constructs
Human ADSCs (ASC-F Lot ADSC0036, Zen-Bio, Inc., Research Triangle Park, NC, USA) were expanded in αMEM (Hyclone) and 16.5 % FBS until passage 6 per standard expansion protocol (Wolfe et al., 2008) . As the focus here is on characterizing potentially artifactual readings in cell pellets and cell-seeded constructs, the use of pooled cells is not detrimental. At passage 6, cells were trypsinized (0.05 % trypsin/0.53 mM EDTA (Cellgro, Herndon, VA, USA)) and washed 3 times with high glucose DMEM. ADSCs were seeded at 10e6 cells/mL in 3 % low gelling point agarose (Sigma-Aldrich) that was maintained at 40 °C and cast between glass plates spaced 3 mm apart. After solidification at room temperature for 20 min, 4 mm diameter discs were removed with a biopsy punch, immediately frozen and lyophilized (n = 6). Samples were digested with 200 µg PK overnight at 65 °C, heated to 90 °C for 10-15 min to deactivate PK and cooled to 43 °C. After adding at least 2 U of agarase, each sample was incubated at 43 °C for at least 4 h, followed by volume adjustment to 1 mL with 100 mM AA.
Enzymatic treatments
To determine relative contributions of DNA and CS to assay results, samples were enzymatically treated with DNase and/or ChABC (Dey et al., 1992; Goldberg and Kolibas, 1990 ) using protocols based on preliminary studies using calf thymus DNA and shark CS (data not shown). Aliquots of tissue or cell digests were divided into four enzymatic treatment groups: (1) enzyme-free control, (2) DNase, (3) ChABC and (4) DNase + ChABC. All groups included 90 µL of PK-digested sample, 5 µL of DNase solvent and 5 µL of ChABC solvent, and groups with active enzyme included 2 U DNAse and/or 0.1 U ChABC. All samples were incubated for 2 h at 37 °C.
Tissue engineering case studies

ADSC-agarose construct culture
To examine the effect of DMMB assay parameters on results from a typical tissue engineering experiment, ADSCs were expanded to passage 4 and seeded at 15e6 cells/mL into 3 % agarose gels as described above to produce 4 mm diameter, 3 mm thick constructs. Constructs were cultured in either basal medium or chondrogenic medium as described above (1 mL per sample). Media were made fresh, changed every other day and conditioned media were collected at each change. At days 7, 14 and 21, ADSC constructs (n = 6/condition) were frozen, lyophilized, digested with PK and agarase as described above, and assayed for sGAG and DNA contents.
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To examine the effect of DMMB assay parameters on cell-dense pellet culture, passage 5 ADSCs were centrifuged at 450 ×g for 10 min into conical tubes (2e5 cells per tube) and cultured in 1 mL of either defined basal medium (high glucose DMEM , 50 µg/mL L-ascorbate 2-phosphate, 1 % NEAA, 1 % ITS+, 10 µg/mL gentamicin (Gibco), 0.1 µM dexamethasone (MPBio, Solon, OH, USA), 0.4 mM L-proline and 10 mM HEPES buffer) or chondrogenic medium (basal medium plus 10 ng/ mL TGF-β3 (PeproTech, Rocky Hill, NJ, USA)), with media changed twice per week. Pellets were cultured for 28 d (n = 12/condition) at which time they were frozen, lyophilized, digested with PK, and assayed for sGAG and DNA contents.
Data analysis
Linear regressions for DMMB standard curves were performed with a least squares fit. Cell and tissue sGAG contents were compared across digestion groups and assay protocols using general linear models (GLMs) with main factors of enzymatic treatment, pH, and wavelength (Minitab 16, Minitab, Inc., State College, PA, USA). ADSC case study data were analyzed using GLMs with main factors of pH and treatment (Minitab 16). Tukey's post-hoc test was used for multiple pairwise comparisons and significance was set at p < 0.05 (n = 6). Differences between regression coefficients or elevations for media standard curves were analyzed using analysis of covariance with multiple comparison testing (Zar, 2010 ) (MatLab 7.11.0 R2010b, MathWorks, Inc., Natick MA, USA). The pH for half-maximal change in assay sensitivity (EC 50 ) was determined by fitting a logistic dose-response curve to sensitivity data at 525 nm, 595 nm and 650 nm, subject to the constraint of a common EC 50 for all wavelengths (GraphPad Prism 6, GraphPad Software, Inc., La Jolla, CA, USA). Results are presented as mean ± standard error of the mean (SEM).
Results
Spectral scan and assay sensitivity DMMB was sensitive to CS at both pH 3 and pH 1.5, as evidenced by changes in spectral profile when reacted with different CS concentrations (Fig. 1a, b) . Increasing CS concentrations resulted in the decline of the β (590 nm) and α (650 nm) peaks and a rise of the µ (525 nm) peak.
Plots of the DMMB-CS standard curves showed significant (p < 0.0001) dependence of absorbance on CS concentration at both pH 3 and pH 1.5 for standard wavelengths (525 nm, 595 nm, 650 nm) and differences between wavelengths (525-595 nm and 525-650 nm) (Fig. 1c, d ). These patterns are all consistent with the well documented response of DMMB dye to sulfated glycosaminoglycans (Enobakhare et al., 1996; Farndale et al., 1982) . Reacting pH 3 DMMB dye with increasing concentrations of DNA likewise caused marked shifts in the α, β and µ bands (Fig. 2a) . However, when DNA standards were assayed with pH 1.5 DMMB dye, the spectral profile was essentially unaffected by DNA concentration (Fig. 2b) .
The sensitivity (slope of the standard curve) of DMMB dye to CS, DS, HS, HA and DNA all decreased when DMMB dye pH was decreased below 3 (Fig. 3) . The half-maximal change in effective assay sensitivity (EC 50 ) occurred between pH 2 and pH 2.5 (except for HA, for which EC 50 was not calculated due to the steep transition of the assay sensitivity curve). Assay sensitivity for the sGAGs CS, DS and HS did not significantly vary for pH values between 3 and 6. Significant decreases in sensitivity resulted when switching from pH 3 to pH 1.5 dye for CS (˗21 % at 525 nm), DS (˗31 % at 525 nm) and HS (˗36 % at 525 nm), with even greater decreases in sensitivity for HA (˗80 % at 525 nm) and DNA (˗74 % at 525 nm) (Table  1a ). This decreased sensitivity to sGAGs at pH 1.5 was more than compensated for by the wavelength-difference method, which significantly enhanced sensitivity to CS (+186 %), DS (+188 %) and HS (+178 %) at 525-595 nm as compared with measurements at the single wavelength of 525 nm (Table 1b) .
Media-CS standard curves
The slope of the CS standard curves varied significantly with solvent formulation, dye pH and absorbance wavelength. Although we found minimal differences at pH 3 or pH 1.5 among standard curves using AA solution, AA solution containing proteinase K, and phosphate buffered EDTA (data not shown), the presence of media components significantly influenced the standard curve. Standard curve slopes were significantly higher in AA Avoiding artifacts with the DMMB sGAG assay solution than in media formulations containing DMEM (Table 2 ). For example, at 525 nm and pH 3, the standard curve slope in AA solution measured 4.03e˗3 ± 3.9e˗5 (OD/[µg/mL CS]) whereas in Total medium it measured 3.33e˗3 ± 7.2e˗5 (OD/[µg/mL CS]). At 525 nm and pH 1.5, the standard curve in AA measured 3.36e˗3 ± 4.5e˗5 (OD/[µg/mL CS]) whereas in Total medium, it measured 3.14 ± 6.0e˗5 (OD/[µg/mL CS]). Regardless of assay pH and measurement wavelength, use of a standard solvent differing in composition from the media could thus introduce substantial errors in the estimated sGAG content of conditioned media samples.
DMMB assay for tissues and cells
For cartilage samples, dye pH did not significantly alter the estimated sGAG contents (44.24 ± 2.40 µg sGAG/mg wet weight (WW) at pH 3 versus 43.87 ± 2.37 µg sGAG/ mg WW at pH 1.5, analyzed using OD 525 -OD 595 unless otherwise stated) (Fig. 4a) . Likewise, dye pH did not significantly affect estimated sGAG content of meniscus samples (8.80 ± 1.76 µg sGAG/mg WW at pH 3 versus 7.90 ± 1.68 µg sGAG/mg WW at pH 1.5) (Fig. 4b) . DNase digestion had minimal effect on sGAG readings for either tissue at either pH, whereas ChABC digestion substantially reduced readings at either pH. Measurements of isolated chondrocytes (approximately one million cells per sample) at pH 3 indicated an unexpectedly high sGAG reading (3.43 ± 0.45 µg), whereas measurement of the same samples at pH 1.5 indicated low sGAG levels (0.21 ± 0.35 µg) (Fig. 4c) . DNase digestion significantly lowered the apparent sGAG levels at pH 3 (0.54 ± 0.29 µg), indicating that much of the signal at pH 3 was actually produced by DNA.
Similarly, sGAG estimates with pH 3 dye were significantly higher than estimates with pH 1.5 dye for freshly seeded ADSC-agarose gels (approximately 5.7e5 cells per construct) (Fig. 4d) . ADSC-agarose samples assayed with OD 525 -OD 595 at pH 3 had absorbance readings equivalent to 8.15 ± 0.26 µg sGAG, whereas measurements of the same samples at pH 1.5 indicated minimal sGAG contents (0.21 ± 0.09 µg). The average apparent sGAG level at pH 3 decreased by 19 % with DNase treatment (6.58 ± 0.26 µg), by 29 % with ChABC treatment (5.81 ± 0.19 µg) and similarly with DNase+ChABC treatment (5.81 ± 0.37 µg), indicating that a substantial portion of the signal at pH 3 was due to species other than DNA and CS. At pH 1.5, apparent sGAG levels for ADSC samples were minimal in the DNase treated group (0.48 ± 0.06 µg). The apparent sGAG levels increased slightly after ChABC and DNase+ChABC treatments (1.25 ± 0.14 µg and 1.24 ± 0.15 µg, respectively). This may be due to interaction with components of the digest solution, which was not added to the standards in this analysis. Additionally, we noted a difference in liquid meniscus depth within the microplate wells after adding digest solution, which could alter the optical absorption path length in the microplate reader. Table 2 . Media-CS standard curves. Chondroitin sulfate (CS) standards formulated in different solvents: ammonium acetate ("AA"), high glucose DMEM ("DMEM"), DMEM plus HEPES buffer ("HEPES"), Total medium ("Total"), and DMEM with 10 % FBS ("FBS"). Slope and intercept of the standard curve at 525 nm depended significantly on pH of DMMB dye, solvent and wavelength. Letters A, D, H, T, F under the column S* indicate significant difference between the slopes when compared with CS formulated in AA, DMEM, HEPES, Total and FBS solvents, respectively, with upper case letters for pH 3 and lower case letters for pH 1.5 (p < 0.05).
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Tissue engineering case studies
ADSC-agarose case study
Measurements at either pH 3 or pH 1.5 indicated that construct sGAG contents were significantly greater for samples cultured in chondrogenic medium than in basal medium, but both the levels and temporal patterns of apparent sGAG content varied with dye pH. The DMMB assay at pH 3 and OD 525 -OD 595 indicated consistent sGAG levels throughout the 3 weeks of culture for constructs in basal medium (6.53 ± 0.14 µg, 6.12 ± 0.38 µg and 6.24 ± 0.40 µg at days 7, 14 and 21) and indicated relatively high initial sGAG contents (16.19 ± 0.24 µg at day 7) that decreased significantly between days 14 (15.38 ± 0.25 µg) and 21 (11.12 ± 0.53 µg) for constructs in chondrogenic medium (Fig. 5a ). In contrast, the DMMB assay at pH 1.5 and OD 525 -OD 595 indicated substantially lower sGAG contents for constructs cultured in both basal and chondrogenic media (Fig. 5b) . The pH 1.5 assay indicated low sGAG levels for the basal group that were consistent throughout culture (1.91 ± 0.21 µg, 2.05 ± 0.06 µg and 1.49 ± 0.12 µg on days 7, 14 and 21) and sGAG contents for the chondrogenic group that were stable throughout culture, with a small difference between day 7 and day 14 samples (7.62 ± 0.18 µg, 8.36 ± 0.09 µg and 7.98 ± 0.24 µg on days 7, 14 and 21). DNA content was lower at day 21 than at day 7 for both basal (3.47 ± 0.17 vs. 5.58 ± 0.18 µg) and chondrogenic groups (4.38 ± 0.14 vs. 6.89 ± 0.21 µg). Measurements of cumulative sGAG release to the conditioned media also differed between pH 3 and pH 1.5 dyes (Fig. 5c, d ). Apparent sGAG levels of conditioned chondrogenic medium assayed at pH 1.5 were half of those assayed at pH 3 (8.50 ± 0.71 µg at pH 1.5 versus 16.33 ± 0.76 µg at pH 3 dye), with no significant difference between dye formulations for basal medium (4.17 ± 0.89 µg at pH 1.5 versus 3.74 ± 0.93 µg at pH 3). We speculate that other polyanionic extracellular matrix (ECM) components (e.g., HA) were released in parallel Fig. 3 . Plot of DMMB assay sensitivity (standard curve slope) to (a) chondroitin sulfate (CS), (b) dermatan sulfate (DS), (c) heparan sulfate (HS), (d) hyaluronic acid, and (e) DNA, as measured using dye ranging from pH 1 up to pH 6 at different absorbance wavelengths. Sensitivities were highest when using pH 3 or higher DMMB dye and when analyzed using 525-595 nm. Half maximal effective assay sensitivity (EC 50 ) and standard error of EC 50 are reported for all species but HA, whose transition was too abrupt to fit with the logistic dose-response model.
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with the sGAG and produced elevated readings for the pH 3 DMMB assay that were suppressed at pH 1.5.
ADSC pellet case study
Assayed at either pH, ADSC pellets cultured in chondrogenic medium for 28 d had higher sGAG contents than those cultured in basal medium, but the magnitude of the apparent sGAG contents varied significantly with dye pH (Fig. 5f ). The apparent sGAG content of basal samples analyzed at OD 525 -OD 595 was 5.07 ± 0.25 µg at pH 3 vs. 1.17 ± 0.07 µg at pH 1.5, while the apparent sGAG content of chondrogenic samples was 12.89 ± 0.37 µg at pH 3 vs. 5.63 ± 0.23 µg at pH 1.5. The average DNA content per sample was 3.64 ± 0.13 µg for the basal group and 4.97 ± 0.16 µg for the chondrogenic group.
Discussion
The original spectrophotometric DMMB assay for measuring sGAG content (Farndale et al., 1982; Humbel and Etringer, 1974) has been modified in numerous ways to enhance accuracy, sensitivity and temporal stability for use with various specimens, equipment and processes. In this study, we explored how two assay parameters, dye pH and absorbance wavelength, affect sensitivity and accuracy of the assay. In native cartilaginous tissues, sGAGs are generally the predominant polyanions that are measured using the traditional DMMB assay. However, in tissueengineered samples, conditioned media and bodily fluids, which have low levels of sGAG relative to non-sGAG polyanions, signal from non-sGAG species can result in over-estimation of sGAG content using the DMMB assay. Using DNA as an example of a specific polyanionic artifact, approaches for removing DNA contamination from the DMMB-sGAG assay include treating samples with DNase or DNA filtration (Barbosa et al., 2003; Dey et al., 1992; Goldberg and Kolibas, 1990) , but these additional processing steps increase analysis time and cost and may introduce sources of error (Huynh et al., 2012) . Although the use of pH 3 dye is purported to minimize DNA interference (Farndale et al., 1986) , we found that pH 3 DMMB dye remains sensitive to DNA contamination, particularly when measuring about the β peak (590 nm). Further lowering the dye pH to 1.5 minimizes DNAinduced metachromasia, likely due to DNA protonation by the highly acidic dye. Similarly, interference from HA, which has an acid dissociation constant of 2.87 (Wishart et al., 2013) , was significantly decreased by using dye below pH 2.5. While lowering dye pH to 1.5 moderately decreased sensitivity to sGAGs, the dye remains sensitive to sGAGs due to the presence of sulfate groups with very low acid dissociation constants (Wang et al., 1991) . The pH 1.5 DMMB dye thus has the advantage of minimizing interference from contaminants such as DNA and HA while still being able to accurately detect sGAG levels.
Although not specifically intended to remove nonsGAG polyanionic contamination, pH 1.5 DMMB dye is Avoiding artifacts with the DMMB sGAG assay commonly used in tissue engineering studies involving alginate scaffolds to remove anionic interference from alginate carboxyl groups, which are protonated at pH 1.5 (Enobakhare et al., 1996) . Our results indicate that effects of a number of contaminants are also reduced or eliminated at pH 1.5. Consequently, use of different pH dyes for different scaffold materials (Estes et al., 2010) could bias comparisons between scaffolds due to differential elimination of artifacts. Although DMMB assay sensitivity to sGAG at pH 1.5 is lower than at pH 3, assay sensitivity can be enhanced by calculating sGAG levels based on the difference in OD between µ and β peaks (Figs. 1 and  3 ). In addition to enhancing assay sensitivity, using the wavelength difference method also helps to correct for vertical shifts of the spectral curve that can be induced by contaminants (Templeton, 1988) . If a single wavelength 
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were to be used in calculating sGAG concentration, then a curve shift could be easily overlooked, resulting in inaccurate measurements. Few published manuscripts explicitly address procedures for analysis of media samples, and even fewer describe procedures different from those for sample digests. Likewise, few published protocols explicitly address media samples. Mort and Roughley (2007) instruct that standards for media sGAG analysis should be prepared in the culture medium, but other protocols (Billington, 2001; Hughes et al., 2003; Shingleton, 2003) instruct that phosphate buffer or water should be used for standards and, if necessary, to dilute samples. Our results indicate that the latter practice could lead to inaccurate results. Disparities among standard curves created using different solvents underscore the importance of matching the standards solvent with sample solvent as closely as possible (Table 2) . Not only did we find significant differences between standard curves based on ammonium acetate and media as solvents, but we also found substantial differences among different media formulations. The ideal solvent would replicate the media formulation used in the experiment to the extent that it contains similar concentrations of ions, buffers, proteins, etc. Generating CS standards using a solvent that is dissimilar to the medium used in the experiment may result in inaccurate values of sGAG release values, and any dilution of media samples in a different solvent would introduce dilution-dependent inaccuracies. As for tissue or construct digests, the use of pH 1.5 DMMB dye and OD 525 -OD 595 for media assays would reduce potential interference from polyanions and other species in the conditioned media.
The assayed sGAG contents of cartilage and meniscus, tissues that contain high levels of sGAG, were not significantly different between pH 1.5 and pH 3 DMMB dye.
Treatment with DNase did not significantly alter measured sGAG levels, confirming that DNA contamination was not substantial for cartilage or meniscus tissue. As expected, both tissue digests exhibited similarly low sGAG levels at either pH after chondroitinase digestion. Unlike native cartilage and meniscus tissues, isolated chondrocytes and freshly seeded, non-cultured ADSC-agarose constructs are expected to contain negligible levels of sGAG. It was therefore surprising that apparent sGAG levels for isolated chondrocytes and ADSC-agarose construct digests were significantly greater than zero when assayed with pH 3 dye. Treating chondrocyte digests with DNase eliminated interference from DNA and effectively decreased "apparent" sGAG levels to near zero at pH 3; however, simply reducing the dye pH to 1.5 (without DNase treatment) had a similar effect. Treating ADSC construct digests with chondroitinase and DNase reduced the apparent sGAG level but did not fully abolish it at pH 3, whereas assaying the same samples with pH 1.5 dye indicated negligible sGAG content (as expected for freshly-seeded, non-cultured constructs). The substantial sGAG measurement at pH 3 for DNase-treated ADSC samples indicates that artifacts other than DNA likely contributed to the reading. Interference from these artifacts was effectively minimized when dye pH was lowered to pH 1.5. Although not examined in this study, digesting samples with additional enzymes (e.g., hyaluronidase) could be used to identify the specific sources of DMMB metachromasia at pH 3.
As demonstrated by the case studies on ADSC chondrogenesis, accounting for the presence of interfering polyanions is particularly important due to the relatively low sGAG contents in many tissue-engineering studies, especially at early time points. In the ADSC-agarose case study, not only was the amplitude of sGAG content 
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Avoiding artifacts with the DMMB sGAG assay different when assayed with dyes of pH 3 and pH 1.5, but also the temporal trend of sGAG accumulation within the constructs was different. Results using pH 3 seemed to indicate that ADSC sGAG production was enhanced by chondrogenic media early on but that constructs lost sGAG after day 14. In contrast, results using pH 1.5 dye showed a maintenance of sGAG content throughout the 21 d of culture in chondrogenic medium, suggesting accumulation over the initial week but no subsequent net change in content. This striking difference may partly be explained by a loss of non-sGAG polyanionic content within the constructs and a decrease in nucleic acid content, resulting in artifactual readings with pH 3 dye but not with pH 1.5 dye. The trend in sGAG content measured at pH 3 was consistent with safranin O staining for glycosaminoglycans and immunostaining for aggrecan-G1 (not shown), which indicated weak, pericellular staining in chondrogenic medium samples that was absent in basal medium samples. Cumulative sGAG release into media was significantly lower for chondrogenic samples when assayed with pH 1.5 dye than when assayed with pH 3 DMMB dye.
As minimal DNA is expected in the conditioned culture media, this additional signal at pH 3 is likely due to concurrent release of other polyanionic extracellular matrix components. Similarly, the ADSC pellet culture case study confirms that results are highly dependent on assay pH, with the standard DMMB assay at pH 3 over-estimating the sGAG content. These results are significant in that the pellet culture model is widely used to assess the degree of chondrogenic induction of various tissue-engineering treatments and the DMMB assay is the main quantitative assay used to determine sGAG content, a measure of the degree of chondrogenesis. The results of these analyses indicate that widely used methods have the potential to produce contaminated results. To broadly assess the potential impact on the literature, we individually examined manuscripts resulting from two separate PubMed searches. To examine literature involving pellet culture, we performed a search for "(chondrogenesis or chondrogenic) and (pellet or micromass)" and limited the search results to the five-year period from July 1, 2009 through June 30, 2014. After eliminating protocols and reviews, this yielded 294 primary research articles that we could obtain as full text English articles (an additional 16 were either published in another language or unavailable through our institutional subscriptions). Similarly, to examine the cartilage tissue engineering literature, we performed a search for "cartilage and (tissue engineering or tissue engineered)" and, due to the large number of manuscripts, limited the search results to the one-year period from July 1, 2013 through June 30, 2014. After eliminating protocols and reviews, we obtained full text English versions of 432 primary research articles (an additional 31 were either published in another language or unavailable through our institutional subscriptions). Some variant of the DMMB assay was employed by 111 (38 %) of the 294 pellet culture articles and by 164 (38 %) of the 432 cartilage tissue engineering articles (14 articles were captured in both PubMed searches). We further examined each manuscript to determine the cited source (if any) for the DMMB assay and the assay conditions. The patterns of citation for the DMMB assay were similar for these two segments of the literature (Fig. 6) . Among the 111 pellet culture studies, 32 performed some variation of a precipitation-based assay (primarily using the Blyscan commercial kit), 40 cited Farndale et al. (1986 Farndale et al. ( or 1982 or a close derivative, 2 used a modification of Farndale's assay intended to minimize DNA signal, and 37 either cited multiple papers using inconsistent methods or provided no citation and few if any details of the assay conditions -we speculate that the majority of these manuscripts used some variation of Farndale's assay (~pH 3), although this cannot be determined based on our review of the literature. Among the 164 cartilage tissue engineering studies, 44 performed some variation of a precipitation-based assay (primarily using the Blyscan commercial kit), 59 cited Farndale et al. (1986 Farndale et al. ( or 1982 or a close derivative, 2 used a modification of the Farndale assay intended to minimize DNA signal (e.g., BSA), 9 used Enobakhare's low-pH modification (intended for alginate culture), 2 cited relatively unusual implementations (pH 6.5, 520 nm) and 48 either cited multiple papers using inconsistent methods or provided no citation -few of these provided assay details, and we again speculate that the majority of these manuscripts used some variation on Farndale's assay (~pH 3). Thus, roughly 2/3 of the recent literature involving chondrogenic pellet culture or cartilage tissue engineering either used methods that may be susceptible to these avoidable artifacts or provided too few details (directly or via citation) to determine whether concerns exist. While it is virtually impossible for a reader to discern whether any individual study's results were affected by these artifacts, even if using a method highly susceptible to artifact, it seems unlikely that the existing literature has not been affected to some extent.
Conclusion
Overall, results of this study indicate that artifacts in sGAG readings due to the presence of cell and matrixassociated polyanionic contaminants have the potential to substantially confound results and interpretations of tissue engineering studies. Presence of such artifacts may produce overly optimistic estimates of the actual extent of sGAG production in cartilage tissue engineering studies, particularly at early time points or for cells that actually produce relatively little sGAG. Simple modifications to the assay protocol, however, can substantially reduce or eliminate these artifacts without additional sample processing. Even in studies expected to have high sGAG contents (e.g., native tissue, highly mature engineered tissues), individual groups (e.g., degraded tissue, early stage constructs) may be susceptible to artifact. Unless specific circumstances require a different approach, we therefore recommend conducting the spectrophotometric DMMB assay using dye titrated to pH 1.5 and calculating concentrations based on the difference in absorption between µ and β peak wavelengths (i.e., OD 525 -OD 595 ). This is particularly important for high-density cultures (e.g., pellet, micromass, monolayer) and for tissue engineered constructs with low sGAG content and where CH Zheng et al.
Avoiding artifacts with the DMMB sGAG assay polyanionic contamination (e.g. DNA, RNA, HA, etc.) may be of concern. We similarly recommend that conditioned media assays employ dye titrated to pH 1.5 and be based on the absorption difference between µ and β peaks, with standards dissolved in a solvent matching the full medium composition to account for any interference by medium components. By suppressing common but variable artifacts, these relatively simple modifications can reduce the impact of spurious results in the tissue engineering literature.
